The studies of cell growth and division have remained at the centre of biomedical research for more than 100 years. The combination of genetic, biochemical, molecular and cell biological techniques recently yielded a burst in what is known of the molecular control of cell growth processes. The initiation of DNA replication is crucial for the stability of the genetic information of a cell. Two factors, Cdc45p (cell division cycle 45p) and DNA polymerase α-primase, are necessary in this process. Depending on growth signals, Cdc45p is expressed as a late protein. New phosphorylation-specific antibodies specifically recognize the phosphorylated subunit, p68, of the four subunit DNA polymerase α-primase and show that the phosphorylated polypeptide is exclusively nuclear.
Background
The mitotic cell-cycle of eukaryotic cells represents a model for the temporal sequence of processes that occur during cell growth and division. The cell cycle is divided into four main phases: G 1 , S, G 2 and M. The first phase, G 1 (G stands for gap), begins after cell division has been finished, and is followed by S phase [1] . During G 1 phase, via growth factors and other signals the cells are prepared for S phase (S stands for synthesis). Alternatively, cells can reversibly leave the cell cycle into a 'resting stage' called G 0 , or differentiation processes are initiated. In S phase, the chromosomal DNA is duplicated. After this phase another growth phase, G 2 , takes place before cells enter mitosis (M phase), during which the whole cellular content including the genetic information is divided into two smaller, identical daughter cells.
Cells have established regulatory mechanisms which monitor progression of the cell cycle to ensure the synchronized temporal sequence. Thus, the faithful duplication of chromosomal DNA is an essential prerequisite for cell division [2] [3] [4] . In particular, the genome must be replicated only once per cell cycle and this is mainly controlled at the initiation step of eukaryotic DNA replication [2, [5] [6] [7] [8] . Our knowledge of the initiation of eukaryotic DNA replication has significantly been extended and improved in recent years.
Assembly of the pre-replicative complex
Initiation of chromosomal DNA replication is achieved by the stepwise assembly of protein complexes at origins of DNA replication [4, 5, [9] [10] [11] [12] . The establishment of functional replication forks requires a network of protein-DNA and protein-protein interactions, which are converted from an inactive pre-replicative state into an active initiation state in a carefully controlled manner. Owing to the size of their genomes, eukaryotes duplicate their chromosomes in a multiparallel process. Therefore, each eukaryotic chromosome has multiple origins of replication to enable multiparallel, rapid duplication of the chromosomal DNA, which must be tightly regulated to maintain stability of genomic information [5, 13, 14] . For replication, the origin recognition complex (ORC) must first bind to origins of replication [5] [6] [7] [13] [14] [15] [16] (Figure 1 ). In late mitosis to early G 1 phase, the protein-DNA complex serves as a platform for proteins such as 
Activation of origins and the beginning of DNA replication
The pre-RC is converted into the initiation complex at the G 1 -S transition [5, 13, 14] . Two kinases or classes of kinases, the cyclin-dependent kinase (Cdk) and Dbf4-dependent kinase (DDK; where Dbf4 is a regulatory subunit of Cdc7p kinase) complexes, e.g. Dbf4p-Cdc7p, fulfil essential functions in this activation which is performed in two sequential steps. For this, Cdc6p can act as a nuclear receptor that recruits Cdks to the chromatin, and the Mcm2p-7p complex probably recruits DDK to chromatin. The main, and possibly sole, function of DDK is to modify Mcm2p which results in a conformational change of the Mcm2p-7p complex and the local melting of origins. In contrast, the Cdk targets are not well characterized. In parallel to, or shortly after, these events, the Cdc45 protein is loaded onto chromatin. The recruitment of Cdc45p requires both DDK and Cdk activity.
For DNA replication, the formation of the Mcm4p-Mcm6p-Mcm7p subcomplex, which possesses helicase activity, or the activation of the helicase activity of the inactive Mcm2p-7p complex by a yet unknown mechanism, is probably a prerequisite for the melting of dsDNA at an origin [17, 18] . As a consequence of initiation complex formation, Cdt1p and Cdc6p are removed from the chromatin and inactivated. The initiation complex probably consists of Mcm2p-7p, Cdc45p, and replication protein A (RPA) (Figure 1 ). The activation of the Mcm2p-7p complex, the unwinding of origin dsDNA, and the recruitment of RPA, topoisomerase I as well as Cdc45p are essential for the activation of DNA polymerase α-primase to synthesize the first RNA at an origin on the leading strand [14, 19, 20] (Figure 1 ). The sequential progress of the pre-replication state to the initiation state requires the building of sophisticated molecular switches. The co-operation of kinase activities and specific proteolysis events regulates these switches from the 'licensing' to 'firing' of eukaryotic origins and their subsequent reversion in a cell cycle-dependent manner [7, 13] . These cellular mechanisms ensure that reloading of the Mcm2p-7p complex does not occur after the initiation of DNA replication.
Analysis of regulatory protein networks
Growth-regulated expression of Cdc45 protein in human cells
As mentioned above, Cdc45p is a crucial factor for the initiation of eukaryotic DNA replication. To study the growth dependence of replication factors, we synchronized human mammary carcinoma BT20 cells by serum depletion in G 0 (120 h with 0.5% foetal calf serum) and a new cell cycle was induced by adding serum (10% foetal calf serum), a process also called serum stimulation [21, 22] . Various cellular proteins were detected by Western blotting using specific antibodies and consecutive reprobing of the same membrane [23] . The expression level of actin was used as a loading control (Figure 2 ; lanes 1-7, middle panel) and shows that nearly equal amounts of proteins were present in each lane. To analyse the time point when the growth-stimulated cells enter the cell cycle in G 1 , the membrane was probed for the expression of the G 1 cyclin, D1. The expression of cyclin D1 suggests that the cells entered G 1 phase of the cell cycle approx. 10 h after serum addition (Figure 2;  lanes 3 and 4, lower panel) . The same membrane was also analysed with the newly established rat monoclonal antibody C45-3G10 to determine the expression level of Cdc45p (Figure 2 and incubated for 1 h at room temperature. For detection, the antibody was incubated with dichlorostriacinyl-aminofluorescein-conjugated secondary antibody (Dianova, Hamburg, Germany) for 1 h at room temperature. Images were acquired using Axiovert 135 microscope, a Sony 3CCD Color Video Camera and the KS300 program (Carl Zeiss Jena GmbH, Jena, Germany). of cell population at 25 h after serum additon was similar to that of logarithmically growing cells (Figure 2 ; compare lane 6 with lane 1). These findings suggest that Cdc45p expression is turned on late, after cells re-entered the cell cycle. Therefore, Cdc45p seems to be a late, or even a very late growth response protein.
Phosphorylation of DNA polymerase α-primase in human cells
DNA polymerase α-primase consists of four subunits called p180, p68, p58, and p48, according to their apparent molecular masses in SDS gel electrophoresis. In the cell cycle, the initiation activity of DNA polymerase α-primase is regulated by Cdks. To study its phosphorylation in human cells, we established antibodies against a phosphopeptide that is phosphorylated in vitro and in vivo by Cdks in a cell cycledependent manner (PP1: VSTRSPHQLLSPSSFC; amino acids 137-151 of p68; phosphorylated residues are underlined; [33] ). In Western-blot experiments, these antibodies, 858-PP1, specifically recognize a polypeptide with an apparent molecular mass of 68 kDa in purified DNA polymerase α-primase and crude extracts from human cells ( Figure 3A , lane 1; and results not shown). The binding of the phosphopeptide-specific antibodies could be abolished by the addition of phosphopeptide used for immunization, suggesting that the binding of the antibodies is specific ( Figure 3A, lane 2) .
These antibodies are also applicable to immunofluorescence, and by this method, we determined that the phosphorylated p68 shows an exclusively nuclear staining. By merging the phase-contrast picture of the cells with the corresponding immunofluorescence of the same cell no staining of cytoplasm was detectable ( Figure 3B) . By comparing the distribution of phosphorylated p68 in cells during the cell cycle, no cytoplasmic staining was observed in any phase of the cell cycle (results not shown).
Discussion
Regulation of the initiation of DNA replication is a crucial process for cellular stress responses and the development of cancer [14] . Cdc45p and DNA polymerase α-primase are two essential factors involved in the initiation process. Here, we studied the regulation of these initiation factors. Like DNA polymerase α-primase, Cdc45p is responsive to growth factor induction and is expressed very late after serum stimulation, just prior to the beginning of DNA replication [21, 22] (Figure 2 ). In contrast with this result, cyclin D1 was expressed earlier, after serum addition, and is a marker for entry of the cells into G 1 phase since cyclin D1-Cdk4 regulates the activity of pRb, the retinoblastoma gene product [24] .
The second factor studied here is also regulated by growth factors after serum stimulation, but detailed analyses in recent years uncovered a complex regulation by phosphorylation of DNA polymerase α-primase [14, 21, 22, [25] [26] [27] [28] . The investigation of phosphorylation and dephosphorylation in living cells has been handicapped by the methodological limits, especially the high doses of radioactive phosphate that must be used for cell labelling, as they can cause cellular damage and induce checkpoint control proteins, such as the tumour suppressor gene product p53. Therefore, in recent years, new methods such as MS and the use of phosphopeptidespecific antibodies and phosphorylation-specific antibodies (e.g. for recognizing phosphotyrosine) have been introduced to the field [29] [30] [31] [32] [33] . These new methods and tools have allowed a more flexible study of protein phosphorylation in living cells. By using p68 phosphorylation-specific antibodies, we were able to determine that the residues Ser 141 and Ser 147 of p68 are phosphorylated in cells. The Cdk phosphorylation sites between amino acid residues 137 and 152 were shown to be essential for the regulation of DNA polymerase α-primase [28, 33, 34] . Immunofluorescence experiments revealed that phosphorylated p68 is only present in the nucleus, suggesting that the Cdk responsible for p68 phosphorylation is only active in the nucleus.
